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1. SUMMARY

A series of nozzle tests in a wind tunnel has improved the under-
standing of how water from spray and penetration nozzles is distributed in
a cross flow of gas, and how water-droplet sizes are generated.

The drops generated by the break up of water jets from nozzies ranging
in diameter from 0.25 to 1.5 in. were photographed in a series of wind-tunnel
tests. The volume mean drop size generated in these tests compared favorably
with thar calculated using the following empirical equation generated by
Ingebo for nozzles of from 0.0l to 0.04-in. in diameter.

Dy/D, = 3.9 (He/re)?*2S (Eq. 1)

The maximum droplet diameter was nominally 30% smaller than the droplets

measured with the Ingebo method as correlated by the quation:

D
max 0.29
"“"Dc 22.3 (We/ne) (Eq. 2)

A series of mass-distribution measurements has resulted in a new understanding
of the guantity of water removed from the water jet as it penetrates a cross
flow of gas. Aa empirical expression is presented that characterizes the
water-jet mass distribution in a cross flow of gas. The correlation 13 a
modification of the expression generated by Clark (Ref, 1).

alq, = laky - 1%+ 170 (Eq. 3)

-]
A serles of tests of flat-spray nozzles indicates that the penetration

18 decreased to 50 or 60% of that attalned with a penetration or fire-hose
nozzle,

‘L. INTRODUCTION

The NERVA Altitude Simulation System (NASS) for ETS-1 is an exhaust-
duct system designed to simulate a high-altitude operational environmeat for
a nﬁclear engine. One feature of this exhaust-duct design is a wet-elbow; a
point in the duct where the exhaust gases are cooled by the direct injection
of water and subsequently turned. The direct injection of water is used to
cool the gases; obviating the need for secondary cooling of the duct walls or
other components that are exposed to the exhaust gases downstream of the point

of water injection.

To evaluate the effectiveness of such a cooling system, it is naceasary
to predict the manner in which streams of water injected into a cross flow of

gas break up and evaporate.

In the design concepts of the water-injector system, different size
water jets are specified to achicve varying degrees of penetration inco the
exhaust-gas stream, such that the sntirc gas-flow field, insofar as pessible,
interacts with the injected water flow, As the water jets penetrate the gas
fiow, they are disintegrated into droplets that evaporate, cooling the gas
stream. Because the rate of evaporation is a direct function of the droplet

size, the gpectrum of droplet sizes generated is of primary interest.

Scalaz-model and other laboratory tests have established the jet pene-
tration characteristics and jet-break-up rates. In addition, a volume mean
droplet size has been predicted by using empirical correlations based on tests
of small-diameter nozzles., Since the droplet evaporation calculation is
dependent on the surface area exposed to the hot gases, confirmation regardiag
the droplet sizes generated by large water Jets, as well as tue jet-break-up

rate, was deemed necessary.

A test program, consequently, was devised and completed to determine
the mass distribution and the water-droplet sizes generated by the break up
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of the water jets from a series of water nozzles ranging from 0.25 to 1.5 in.
in diameter. The water pressures in these tests ranged from 37 to 137 psig,
with flow rates of from 9.3 to 650 gpm. The tests were conducted in the Icing

Research Tunnel at the Lewis Research Center.

Several investigators have studled the drop sizes generated by air
atomization of liquid jets. Ingebo and Foster (Ref 2) performed experiments
in a small wind tunnel and generated empirical correlations relating the drop
:izes to the Reynolds number, the Weber number, and the nozzle diameter. The
experimental technique developed in Ref 2 was used as a model for this droplet

study, and the results are compared with the correlations in Ref 2.

Because different size nozzles arc required for water penetration of a
gas stream, the mass distribution of water will differ with each change in
the nozzle size. Also, as a stream of water enters a cross flow of gas, the
dynamic pressure of the gas flow causes the water jet to bead and spread,
Ultimately the water jet is disintegcated fato droplets, The designers of
the NASS water injection system need to know how the water mass is distributed
along the jet. To determine this, water-mass-distribution measurements were

made in this test program,

The ezperimental data from this program do not compare well with the
distribution predicted with a previous analytical model; consequently, new

test daia liave been used to upgrade and improve the analytical model,

In addition to the other tests, a special series of tests waé conducted
to determine the penetratlon.characteristtcs of a small, flat-spray nozzle,
It is currently planned that this particular type of nczzle will be used in
the MASS water-injection system in addition to the fire-hose type of nozzles.
The small nozzles are needed to insure gas-water interaction in the near-wall

region.

e 2 o e

A few tests were conducted in which a long-chain polymer material
(Polyox*) was introduced into the water flow. The addition of such a polymer
te a flow of water has reduced the fricticnal loss in flow lines and could be
beneficial for systems where pressure heads are limited and flow rates must

be increased without hardware changes.

Because of constraints imposed by the test installation, the mcthod of
mixing the polymer into the water was inhibited and was, perhaps, inadequate,
Consequently, no conclusions as to its effect could be positively ascertained;
however, visual observations indicated that although the water flow rates were
increased, the chﬁnges in penetration were not significant, It also appeared

that bigger water droplets formed during the tests with Polyox added,

*Union Carbide Corporation, Chemicals and Plastics Development Division.



LIL. DESIGN OF EXPERIMENT

A.  WATER-DROPLET STUDY

A jet of fluid injected into a cross-current air stream will pene-
" trate the air stream and break-up into small droplets. Much experimental and
analytical work has gone into the problem of measuring drop sizes and determin~
ing the distribution in such a system to permit a more fundamental analysis of

the particular heat- or mass-transfer process.

The various techniques for measuring drop sizes include the

following:

1. Collection ~ drops are collected on slides or in cells and

measured and counted, Effective in a diffusad, low-velocity gas stream.

2, Freezing - drops are sotidifed, collected, and sizea by using

sieves., Roguiras a fairly long heat-transfer path to effect conling.

3. Photographic - droplets are wiccophotographed. Requlres high-
speed photography. The depth of focus is small, which makes measurements
difficult, Data reduction is tedious.

4. Optical - back scattering or diffractive scattering and
transparency measurements are suitable for'particles of a uniform size but

are less effective for nonuniform-sized particles such as water sprays.

S, Electrical - droplet sizes of electfically conducting fluids
are measured by pulse counter acroas an arc gap. Statistical meihods ace used

for deternining droplet sizes,

6. Electrostatic -~ electrostatic~charge measurements can be

related co che size of particles.

7. Cascada Impactors - particles less than 100p in diameter can
be fractioned into groups. Require careful calibration. These are particu-

larly good for smoke or aerosols.

In general, the methods of obtéining such quantities as number
and mass concentration, drop size, and drop distribution data are either by
taking samples and examining the collected particles or by direct observation
of the dispersed mass. Because accurate and rcpresentative sampling is always
difficult, it is generally preferred wherever possible to make direct observa-
tions. Commonly, the techniques for collecting liquid-drop samples are the
same as for gas-borne-dust particles. The sample is collected by impingement
or filtration, weighed, counted for number, and scaled for size. The tech-
nique used for the collection of samples is generally the direct capturé of
droplets on a slide or in an immiscible fluid, Counting or scaling may be
performed from either photographs or the original specimen. An alternative
technique is to treat a slide with a coating that will leave an impression
that can be measured; however, Lhis techaiyue is dependent on a good calibra-

tion so that adequate size measurements can be obtained.

Sprays can be frozen to perwmlt sieving and weighing of the
collected spray to determine size and distribution. The technique of sampling
by means of a jet or cascade impactor is an established method developed for
the routine determination of cumulative volume distributicn of a spray. It
is recommended for drop sizes up to 100u. Direct optical methods include:

(1) unmagnified or microscopic observation of sedinentation rates, (2) inten-
sity of transmitted light, and (3) measurement of intensity or polarization of
scattered light, Each of these methods require suitable optical systems, and

each method suffers from specific limitatioms.

Ingebo and Foster (Ref 2), and Bittker (Ref 3) utilized a high-
speed camera to photograph fast-moving droplets in an air stream to obtain
size measurements and a probe to determine droplet concentration, Bittker,

in addition, analyzed these photographs by using an electronic counter, which



counted and sized only those drops greater than 200y in diameter. Wiess and
Worsham (Ref 4), and Nelson and Stevens (Ref 5) used a freezing technique tu
permit the collection of drops and the ultimate measurement of sizes, Weiss
and Worsham used a hot wax as a simulating liquid and sized the dispersion by
using a Micromerograph (a commercial sedimentation-in-air analyzer). Nelson
and Stevens used a techanique that froze the droplets from a spray nozzle in a
‘liquid-nitrogen bath and found that it was possible to actually screen and
weigh the droplets.

Optical techniques based on transmissivity or diffraction are
generally unsatisfactory but Dobbims, Crocco, and Glassman (Ref 6) were able
experimentally to show agreement between the volume-~to-surface mean diameter
for solid spheres as measured both by a microscope and by a light-scattering
experiment.

Wicks and Dukler (Ref 7) rcviewed the techniques used for measur—
ing drop-size distributions and developed a new method for a direet measnrement,
The principle is simple, droplets cf o conducting fluid flewing past mwe seedle
points of a dc circuit produce current pulses that can be totaled <lecLroaically,
By varying the ncedle spacing, an average-count-rate curve is obtained from
which the drop distribution can be calculated. Experimental data presented
do not perwit a full evaluation of this techanique.

A sampling technique where droplets are captured on slides has
been used by numerous investigators. Griffen and Muraszew (Ref 8) counted
droplets deposited from a spray on microscope slides coated with magnesium
oxide, and then simplified the system by spraying a dyed fuel through tha
nozzle and collecting samples at varying distances from the nozzle. By com~
paring the samples colorimetrically, it was possible to inter mass discvibu~

tion and the corresponding volume,

All of the previously mentioned methods require a unique collector

system to be mounted in the gas-ficw field with the exception of the direct

observation or optical system, Perturbations of the flow field would effect
the sizes of droplets generated by the action of this high-velocity gas on
the water stream, -consequently, producing an erroneous environment., Results
of laboratory investigations on similar subjects utilizing a high-speed
shadowgraph system influenced the ultimate selection of a photographic tech~
nique as beidg a system that could fulfill the test objectives, aund could be
readily assewbled with laboratory evaluation assuring its feasibility., This
select area, High-Speed Shadowgraph Viewing System was used for determining

droplet sizes.

This technique was pattcrned after the technique used by Ingebo
and Foster (Ref 2) and consists of high-speed photography of the moving stream
and subsequent determination of drop sizes from the photographs. The unique
feature of the current study is the size of the water jet. The wind tunnel at
the point where the jet plume was evaluated is six-feet high and nine-feet
wide. The water nozzle was located in the tunnel three feet from the side
windows, cousequeutly, it was neccssary to use a telephoto lens to achieve the
proper depth of focus with a large iris to cbtain a shallow depth of field,
Several lenses were evaluated before a suitable system was found, Filgure 1 is
a skerch showing the camera location. Photography of moving dreoplets requires
the use of either a short-duration light source or a fast shutter with a high-
intensity light. A short-duration, high-intensity light source was used to
shadowgraph the droplets in the flow field and relaxed the requirement for a
high-speed shutter system on the camera. Figure 2 is a view of the camera
and lens installation, and Figure 3 is a view of the high-intensity light
installation. TFigure 4 is one of the droplet photographs of a 0,25~in.-dia
nozzle taken by this photographic system.

B. WATER MASS DISTRIBUTION STULY
An ideal water injection system is one in which the water is

uniformly distributed throughout the gas stream. A designer must, therefore,

have some knowledge of the mass distrvibution in the water plume.
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A mass-distribution study was, therefore, incorporated iato the
test program, by using a sompling probe to collect a gas-water sample. The
water was removed from the air by a Cyclone Separator* and collected and
measured in graduated cylinders. A time-lapse camera recorded the water
collection rate from each probe. Figure 5 is a schematic of the water-
collection system. A rake with five probes was selected for sampling the air-
water stream, A rake support was designed that was sufficiently rigid yet
permitted the rake to be moved laterally away from the plume center line and

rtically upward above the floor of the tumnel. By repositioning the sampling
rake between tests, complete mapping of the plume from the water jet was
possible. The entire plume could not be transversed during any one test, but,
by repeating the test conditions of water flow and wind-tunnel speed, and
repositioning the probe after each test, a complete pattern was ovbtained.
AGC Drawing 1136457 defines the rake supports that were positioned on the
floor and ceiling of the wind tunnel. The rake configuration is shown in
AGC Drawing 1136456,

The sampling rake consisted of five probes located parallel iu
each other at a center line spacing of 4 in. The probe itself was a piece of
1/2-in. pipe about 1l-in. long. The probes were supported by a 1-1/2-in,
pipe. Each probe extended some four support pipe diameters upstream of the
probe support to preclude any disturbance of the subsonic-flow field at or
upstrean from the probe inlet due to the probe itself. Good sampling of the
flow field can be ensured if the static pressure both inside aud outside of
the probe is balanced. Consequently, the probes were instrumented with static
‘ressure taps to permit measuring of static pressure in the proba, The
-entral probe on the rake contained three such static pressure taps. By
recording the static pressure at each of the three tap locations, one could

infer the static pressure at the probe Lniet for comparing with the tunnel

*ihe Cycloae Separator was desigacd for the anticipated test flow rates and
tested -.-2cr labiratory conditions to 2valuate its effectiveness, The action
of the Cjclune Sepasator proved to be ideal wich no detectable moisture in
its exhaust.,
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static pressure. Figure 6 is a schematic of the sampling probe design, with

the three static-pressure ports indicated.

A water separation and collection system located outside of the

wind tunnel was connected to the probe by clear, plastic tubiung. The static

pressure taps were connected to a upity-oil-filled mancmeter board, and the

probes were connected to cylindrical, lucite cyclone water separators. Water

collected by ea:n separator drained into collection tubes, as illustrated in

Figure 7, To achieve isokinetic sampling, the static pressure both inside

and outside of the probe should be balanced. This is achieved by making the
gas velocity fluwing through the probe the same as the gas velocity outside
the probe. A pump was added, as shown, to the discharge side of Lhe waier

separators to overcome the pressurc losses in the water separator and lines.

The addition of a clock timer and a camera completed the water
sampling installation,

the win

Figure 8 is a view of the sampling probe located ia
tunnel, and Figure 9 is a view of the water collaction system,
installed below the wind~tunnel flovs.
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Figure 6 - Schematic of Experimental Null Type Sampling Probe
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iv. EXPERTMENTAL PROGRAM

A total of 147 tests were conducted over a six-week period in the Lewis
Research Center icing tunnel at Cleveland, Ohio, Each test consisted of
tactical placement of the sampling probe and arrangement of the photo graphic
system to obtain the best water jet plume coverage for the water pressure setting
and wind tunnel velocities selected. Five different nozzles were tesled; three
penetration nozzles were used for the water droplet, mass-distribution study
and two flat-spray nozzles were tested to determine their penetration

characteristics into a cross flow of gas.

The variables in the test prugram aside from the nozzles themsulves were:
rake position, water-droplet camera position, the water manifold pressure (water
flow rate). The variable most easily changed was the water flow rate; consequently,
three tests were run (one at each of three water pressures) for each probe
and camera location. 1In a few tests the alr velocity in the wind tunnel was
also changed (particularly true in the tests of the flat-spray nozzles.)

Complete analysis of the water-jet plume required up to four positions
of the probe rake in the vertical plane, and four horizontal locations, one
of which is in line with the nozzle. Oanly one-half of the plume was actually
measured because photographs of the plume have shown that the flow was symmetrical
about the center line. Consequently, in order to completely evaluate one
nozzle at one flow rate it required as few as 4 snd as wany as 16 test rums,

depending on the distance the jet penetrated into che tuanel. To evaluate three

Figure 9 - Water Separator and Collector Imstallation

nozzles and three water manifold pressures means that a maximum test program
of 144 test runs is required for the water collection phase at any oae axial-
probe location. The smaller plume sizes fov the small nozzle required fewer
probe settings for mapping and, the largest diameter nozzle could only be tested
at two water pressures, hence, resulted in & reduction ia the aforementioned

number of tests,

To effectively utilize the wind-tunnel facility, the experimentation
and adjustments required to obtain shadowgraphs of the water droplets were
performed as part of the 144 tests required for the mass-distribucion mapping.

20
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The shadowgraph system (even thouzh set up and checked out under laboratory

conditions prior to these tests) still required adjustments and establistmenat

of test procedures to obtain usable data,

The type and speed of film used

were dependent on the distances and inherunt transmissivities of the wind-tunnel

view ports.

Experimentation with the film developwent and the enlarging pro-

cedures was also required to obtain maximum contrast in the film and relia-

bility in enlarging and measuring procedures.

Recirculation of the water

injected into the tunnel rapidly decayed the transmissivity of the illumina-
ion system to a poiant where shadowgraphs could be obtained only during the

first 15 sec.

required to permit the water jet to stabilize.

In most tests the plume-droplet photographs were made near the
line of the plume, i.e., at a location 36 in. from the center line of
plume to the wind-tunnel wall. A typical plume droplet photograph is
in Figure 4.

A TEST PROCEDURE

The photographs of the water droplet were taken and mass~

distribution test data were collected simultaneously during each test

It was also found that the first five seconds of the test were

center
the

shown

run.

The camera and the water collection system were positioned for a particular

series of test runs, and the position of the water collection probe and camera

in relation to the water nozzle were noted ia accordance with the code sheet

shown in Figure 10,

Data from each test were recurded photographically and logged by

operators on data sheets,

Test conditions noted by the operators were:

(1) tunnel air teaperature, (2) bavometric prassure, and (3) water manifold

pressure,

Static and air total pressures in che wind tunnel were indicated

on a manometer board, which was recorded photographtcally during each run at

steady-state conditions. The water-collection system was photographed at
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intervals of from 5 to 10 sec in duration, and several photographs were also

taken of the water droplets in the pluwe during each steady-state condition.

The same water supply system was used as that described in Ref 3.
The water supply pressurc was preset by a hand operated throttle valve, Ouce
the throttle valve in the watcr supply system was set, the tunnel operacor
regulated the tunnel air velocity and water flow was initiated., Pressure of
the water supply line was used with known flow calibrations to determine the

flow rate for each nnzzle.

Photographs of the water collection system and of the droplets in
the jet plume were taken the first 1 to 2 minutes after initiaticn of water
flow, after which recirculation of water vapor obstructs vision. Satisfaccory
water-droplet photographs were obtained duriag the first 5 to 15 seconds of a
test run. The throttle valve was adjusted to a predetermined position for the

next test.

After data had becn recorded for the desired water manifold nros-
sures, the water collection rake was repositioned for the nexi test run.
Simultancously the camera for photographing the plume was also repositicned.
This procedure was repeated for the three penetration nozzles until the plume
had been completely mapped for two or three water flow rates. Table 1 shows
the range of test conditlions and the number of mapping test runs conducted

for each nozzle.
B, SPECIAL TESTS

A series of special tests was performed with the droplet test pro-
gram to evaluate the penetration characteristics of the two flat-spray nozzles.
Prior to this time all penetration data have been restricted to ‘»netration or
fire~-fighting type nozzles. The design of the water injection system for the
NASS wet-clbow requires that a small-diameter water jet, which will break up

23

TABLE 1

SUMMARY OF TEST CONDITIONS

Nominal Nominal Nominal Number
Nozzle Water Wind Tunue. of
Diameter, Veloclity, Air Velocity, Test

in. ft/sec ft/sec Runs
0.25 57-105 400 17
0.75 100 400
1.0 60 220
1.0 55 330 1
1.0 57-105 400 53
1.5 57-105 400 29
1.5 57 220 2
L5 57-100 420-430 9
F*-0, 3-80%* 60-120 220 10
¥ -0,3-80 130 430 1
F -0.3-40 60-120 220 3
F ~0,3~40 120 430 1
Total 152
SPECIAL TESTS
WATER JET PENETRATION TESTS
Nominal Nominal Nominal Number
Nozzle Hater Wind Tunnel of
Diameter, Velocity, Air Velocity, Test
in, ft/sec ft/'sec _Rups
-0, 3-80 60~-120 220-430 3
F-0,3-40 60~120 220-430 2
WATER POLYMER EVALUATION
Nominal Nominal Nominal Number
Nozzle Water Wind Tuunel of
Diameter, Velocity, Adr Velocity, Test
in, ftfsec __ft/sec _Rung _
0.75 60 200 2
1.0 28 400 1

*Flat Spray Nozzle
**Nozzle Spray Angle, degracs

%



rapidly, be incorporated into the system for Lnteraction with the near-wall
gas flow. Because the penetration characteristics of such nozzles were in
question, special tests were deemed necessary. These tests were conducted in
the same manner as the Phiase II tests reported in Ref 9. Six tests vere per-

formed at two wind-tunncl speeds and three water pressures.

The last four tests in the wind tuonel were performed to qualita-

rively evaluate the influence of a high-molecular-weight organic polyuer of
hylene oxide on the penetration characteristics of a nozzle. The polymer

evaluated vas Polyox, a product of Union Carbide, Plastics and Chemical
Division. The polymer is water soluble and when added to water in concentra-
tions as low as 20 ppm, acts to reduce by as much as 80% the ruvbuient fric-
tional drag of the water. The quoted effectiveness of this polymer on fric-
tion, on the basis of torque reduction tests, is more than a 40% reduction in
torque at a concentration of 20 ppm and more than 60% at a concentration of

50 ppm.

c. METHOD OF DATA REDUCTION

1. Water Droplet Study

The photographic negatives from the water~droplet-size study
were identified and enlarged to 8 x 10 {n. for printing. This resulted in
approximately a 3:1 enlargement of the droplets themselves based on photo-
graphs that included a view of the probe as shown in Figure 4. The actual
‘teld of view was approximately 2.5 in. on a side with a depth of focus of
0.25 in, Any droplets not within +0.125 in. of the focal plane appearced as
gray spots. As the gray spot approaches the focal plané it first agssumes a

dark center that increages in size until the gray area is all davk, At this

point the droplet is in the focal plane of the lcns, The gray area can be
thought of as a penumbra and the dark center as the umbra of the backlighted
droplet, In interpreting the actual size of the drops those ia which a
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significant fraction of the surface was a gray penumbra were not counted, i.e.,
only those in which the width of the penumbra was equal to or less than the
diameter of the umbra were counted. I.. sizing these particular dreps, one-
half of the width of the peaumbra regions was alded to the radius of the umbra
region and this was reported as the droplet diameter. Data reduction then
consisted of reading drop sizes and tabulating them from each photograph. Each
photograph was divided into a 1 x 1 in. grid, and droplets in randomly selected
grid squares were sized and counted until approximately 200 droplets were

counted. A comparator magnifying glass was used to size the droplets to the

nearest 0.005-in., by meaus of a graduated scale with markings at 0.005-in.
intervals. Using this comparator a 0.005-in.-dia droplet on the photograph
has an actual diameter of approximately 35 to 40 u. From the tabulatcd droplet

data several numbers describing the droplets were calculated as follows:

1. The mean droplet diameter d was found by summing the

diameters and dividing by the number of particles.

2. The sample mass mean diameter or the representative
diameter based on the total weight of the droplets divided by the number of

particles,

3. The mass median particle size d median or that drop
diameter at which half of the volume of the spray is from drops having diam~

eters smallei than d, and half is from drops larger than d.

Early in the data reduction phase it became apparent that the
task of tabulating the nuub.r and size of all droplets for each test would be
extyemely time consuming, cousequently, a check was wade on the consequences
of random campling each photograph. For cne test a total of 1314 pariicles
were counted and sized. Mass distributicn curves and mass mean drop sizes
were calculated for each tabulatlon. Figure 1l is a plot of the cumulative
welght of the droplets as a function of drap diameter for an early test. In
the data reduction of the droplet photographs, then, onz aim was to achieve a
sample size of approximately 200 droplets,
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2, Mass Distribution Study

The reduction of the water-mass-distribution data consisted
of interpreting the time sequence photographs of the water-collection system,
Each photograph contained the time at which the measurement was made and the
quantity of water in the graduated cylinders., This information was tabulated
and the time average rate of fluid collection was calculated. Since some
time was required for the collection system to stabilize, the first few read-
ings were deleted from the rate determination. These rates or water collec—

tion were then plotted in relation to the nozzle exit plane for each test.
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v. DATA ANALYSIS
A. WATER-DROPLET-SIZE DETERMINATION

The water-droplet sizes were statistically reduced and arranged

according to nozzle size, water flow rate, and location in the water jet plume.

Photographs of the jet plume were taken at three distances down-
stream of the nozzle and from one to three points in the plume above the noz-
zle exit at each axial location. The focal plane of the camera was generally
along the axis of.che jet.

Not all photographs were interpretable for one or more of the
following reasons:

1. Poor contrast between droplet and background developed rapidly
due to recirculation of water (fog) in the wind tunnel. Also, the trauswmis~
sivity of the tunnel varied with prescribad test conditions.

2, Spray was not uniform with time and varied in a random manner,
particularly during the first few seconds of a test run.

3. Water mass concentration due to lack of stream breakup obliter-
ated the high~intensity light.

4, Experimentation with differeat types of film, lighting inten-
sities, and development processes produccd some unusable negatives.

The points In the water plume whare the droplets and the mass mean
droplet diameters were measured have been plotted in Figures 12, 13, and 14
for the three penetration-nozzles tested. In these flgures the location of

the jet plume 18 noted as well as the test conditions. Droplet measurements
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were made at three planes downstream of the nozzle, 7, 21, and 67 in., and
from two to four points above the exit planc of the nozzle. Data from tests

that could be interpreted and, therefore, included in the analysis, are tabu-
lated in Table 2.

spray nozzle with two or three water-jet velocities for each at a wind-tunnel

Test data were obtained for three penctration aud one flat-
air velocity of 400 ft/sec. The 1.125 (nominally 1l-in.) penctration nozzle
was also tested at a wind-tunnel air velocity of 200 ft/sec, In geneval,
*he data from the small nozzles at low water velocities resulted in the
best photographs. The high density of water in the gas stream resulted in
either completely or partially opaque photographs in tests of large-diawcter
nozzles. Where the droplets were visible, they were slzed; consequently,
in those cases where parts of the prialL were opaque the true mean diameter

is questionable because of the minimum sample.

1. Mean Droplet Size

The mean droplet size for each interpreted test photegraph was

calculated on the basis of the egquation:

z d
L (zq &

d =

where: = average droplet size
= npumber of droplets of a given size

droplet diameter

Z o B oad
[}

= total number of droplets counted

This number 1s strongly influenced by the sample size and the range of diam-

eters in the sample.

A diameter more commonly used in evaporation calculations is

the mass mean (or volume mean) diameter defined by the equatiom:
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16

10
12

94
96
23
30
88
119

125

63

128

43
73
124

Nozzle
Dia,
In,

0.25

TABLE 2

VATER DROPLEL STUDY TEST CONDITIONS

Gas
Jet Stream Air
Valocity, Velocity, Pressure,
fu/sec fr/see in, Hg
59.8 430.0 25.82
56.4 430.8 25.79
54.3 423.5 26,147
82.8 430.2 25.79
87.9 430.0 25.79
85.6 431.3 25,80
105.0 428.4 25,78
60.2 199.0 23.64
61.4 202.2 28.65
59.8 427.3 26.31
62.8 428.6 26.34
61.7 425.8 26.32
66.1 428.4 26.46
62.2 426.8 26.42
97.4 427.6 26.44
101.3 428.9 26,36
107.7 433.0 27.00
114.6 434.2 27.04
118.1 376.8 26.80
34

Air

Temp.,
il 2

53
46

43

45
50
49

47

45
45
50
51
48
60
46

51

57

40
45

48

No.
Droplets
Ccunted Comments
239 Intermittent Spray
225
267
201
201
104 ) Focal plane 2 in fud
of plume centerline
196
37 } Droplets interspersed
251 botwecn cpaqué zones
242 ) Droplets top of photo
i bottom apaque
213} Droplets interspersed
‘ between opaque zones
257 ) Droplets top of photo
boitom opaque
40 ) Droplats interspersed
between opaque zones
228 } Droplets bottom of photo
top of photo opaque
351} Droplets top of photo
bottom opaque
66 } Droplets interspersed
between opaque zones
97 ) Droplets at top of photo
bottom opaque
P large opaqua zones-
P
25} poor atomizatiom
15 Small number of large

drops evident
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Test Nozzle

Run
No.

133

59
78
82

135

141
143

98
107

116

Dia,
in.

1.502

1.502

0.3F80

"

TABLE 2 (cont.)

Gas
Jet Stream Air Air No.
Velocity, Velocity, Pre5ﬁ¥re, Temp., Droplets
ft/sec ft/sec in. g °F _ Counted
63.8 396.3 26,42 45 208
95.3 371.8 27.22 44 146
99.2 370.6 26.69 50 57
95,8 385.1 26.90 46 216
94.6 366.2 26,90 51 17
95.8 351.6 26.92 49 93
66.4 382.6 26.5 46 52
68.7 386.8 26,42 49 209
65.1 222.4 28.57 45 231
64.6 218.4 28.56 45 214
120.5 223.3 28,51 43 253
35

Comments

Few drops visible

Small zone of droplets
surrounded by opaque zon
Swall zone of droplets
surround=ad by opaque zon
Voids interspersed

by droplats

Few drops visible

Light zone near top -
balance dark

Opaque except for light
zone ngar top

31/3

= L qLnd. .
dyean = W) (Eq. 5)
where: d ; = mass mean particle diameter
mean

A third diameter is also calculated for each sample termed
the droplet mass median drop size. This drop size refers to that particle size
for which the cumulative mass of all particles smaller (and larger) than that
size equal one-half of the mass of those particles in the sample. This median

diameter is expressed by the equation:

dmass3
s £7 f (8) &t
S S = 1/2 (kq. 6)
I max 3
5 £7 £ (&) d¢
where: dmax = maximum droplet size in sample
= mass median diameter
mass
£ = a dummy function

f (£) = the frequency function of the particle number
distribution

These three mecan diameters were calculated for each test in which the photo-
graphs could be interpreted. The droplet sizes calculated for these tests are

tabulated in Table 3.

Comparing these data, it will be seen that very little sig-
nificance can be attributed to the liquid velocity. There are differences to
be noted because of changes in either the air velocity or in the anzzle size.
This is reasonable since the water jet is norwal to the airflow and at a
velocity very much less than the air velocity, and thus the water jet velocity
should have little influence on the drop size and only the size of the jet and

the alr velocity are significant variahles.
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TABLE 3

McAN LROP SIZE AND DIMENSIONLESS FORCE RATIOS

D D
Run mean nax Weber Reynolds
No. u u No. No. We/Re (Ne/Re)O'25 DBO/DO I)max/Do
- - D D .
6  160.27 246 5.316 x 107° 10.4 x 10° .0511 x 1070 .00475  .0252  .0387 Run  “mean  “max Weber  Reynolds 0.25 0./p_ D/
No. u_ u No. Mo. We/Re (We/Re) 30/ o max
9 166.2 2646 5.296 11.68 .0453 00461 .0262 .0387 -4 5 -8
. 45 209.8 450  1.184 x 107 62,52 x 10°.0019 x 10 .00208 .0055 .011
16 179.26 450 5.479 12.06 .0455 00462 .0282 .0708
59 182,2 246 0.908 64.46 .0014 .00194 .0047 .006
150.8 205 5.310 11.86 -0448 +00460 -0253 -0323 78 178.2 368 1,104 62.66 .0018 .00205 .0046 .009
10 162.6 205 5.316 10.88 .0488 00470 .0256 .0323 82 260.8 410 0.874 65,74 0013 .00190 .0068 .010
12 151.5 205 5.283 11.11 .0476 00467 .0233 .0323 135 209.4 198 0.892 69.74 0013 00189 .0055 .010
\
8 1505 205 5.355 11.42 -0469 . -00465  .0237 -0323 141 250.8 470 0.900 70,57 .0013 .00189  .0066  .012
9% 330.5 614 4.341 28.74 .0151 .00350 L0115 .0215 143 141.7 253 0.898 66,01 .0014 .00192 .0037 .006
6 299,0 491 4,285 28.47 .0150 .00350 .0105 .0172 98 227.2 450 16.74 7.16 .2338 00695 0362 .059
.07 127.2 217 17, 7.15 .2 . 2 .61§ .028
23 204.,9 368 1.196 51.27 .0023 .00219 .0072 L0128 35 426 0070 0169 028
116 170.2 326 16, .55 . . . .
30 230.9 614 1,188 50.56 .0023 .00220 .0080 ,0215 6.59 7.3 2196 00685 0226 043
88 129,2 205  1.204 51.96 ,0023 .00219 L0045 .0072
119 277.7 470 1,190 43.26 .0027 .00229 .0097 L0164
125 160.6 290 1,198 53,83 .0022 00217 .0056 .0101
63 184.6 327 1.194 48.69 .0024 .00222 0064 0114
124,3 181 1.187 44,69 .0026 .00227 L0044 .0063
43 177.1 286 1,165 60.68 ,0019 .00209 .0062 0100
73 680 2165 1,158 52.99 .0022 .002156 .0238 .0757
124 236.4 326 1.187 51,46 .0023 .00219 .0082 .0114
133 139.2 253 0.869 74.19 .0012 .00185 .0036 .0066
37
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Ingebo (Ref 2) studied the effects of variables in liquid
properties and airstream conditions and with the aid of dimensional analysis
obtained a grouping of dimensionless ratios that characterized his data. He

reported that the folloving empirigal equation correlated with his data,

=

529' = 3.9 (We/Re)o'25 (Eq. 7)
[+
where: D30 = wvolume mean diameter
Do = orifice diameter
a
w
We = Weber number (6—7;—-7_2)
0o's s
D0 v pw
Re = Reynolds number 6———5————)
Wy
o = 1iquid surface tension, lbm/ft
v = Velocity, ft/sec
p = Density, 1b/El:3
M = Viscosity, 1b/fc see

Subscript s refers to gas stream,

w refers to liquid

Because the gas stream variables were limited principally to velocity, the
influence of gas viscosity is undefined, and the Reynolds number 1is in
essence a liquid-film Reynolds number., The characteristic length in both
cases was assumed to be the orifice diameter Do' The gas stream velocity
is assumed to be the relative velocity, which for cross-stream injection
is essentially the gas velocity since the velocity of the liquid is less
thaa the velocity of the air.

Figure 15 {s a plot of the mass mean droplet diameter,
nozzle diameter ratio vs a function of the Weber-Reynolds ratio., Included
in this figure 1s data of and correlating equation recommended by Ingebo.
Table 3 is a tabulation of the diuensionless force ratios for each droplet

test analyzed.
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2, Maximum Droplet Size

Ingebo assumed that the maximum observed drop size was also
a function of the dimensionless properties ratio and from examination of the

data found that the following equation best reprusented the data,

= 22.3 (We/Re)?" % (Eq. 8)

This relationship was used as a basis for comparison with the maximum observed
droplets in this study with the results indicated in Figure 16. The maximum
observed droplet diameters are also tabulated in Table 3.

3. Droplet Distribution Data

Each photograph of the droplet tests -analyzed yielded a num-
ber of drops of varfous sizes. These drops were grouped according to diameter
in intervals of 40 p. The smallest droplet size measured was placed in a
range of from 40 to 60 u and the other drops grouped accordingly. The cumula-
tive mass percent of the drops in the sample was then calculated and is plotted
in Figures 17, 18, and 19 for the 0.25, 1.125, and 1.502-in.-dia nozzles,
respectively.

B. WATER DISTRIBUTION STUDIES

The water sampling measurements were assewbled together for each
nozzle and cowmpared graphically for each probe location relative to the nozzle
exit plane. These graphs are fncluded in Appendix A as part of the water-
sampling test data. The waterxr~distribution curves were all graphically inte-
grated to obtain a figure representative of the total water flow rate. The
flow curves were integrated in sections normal to the direction of water flow
(layers parallel to the gas flow) with the result that one can determine the

fraction of the total flow remainling in (or removed from) the water jet as a
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tfunction of distance away from the nozzle exit plane. Figures 20 through 27

shoy the results of these integration calculations for each of the penetration
nozzles., Mass-distribution calculations made using the water-break-up model
propased by Clark (Ref1l ) did not compare with these curves, as shown in
Figures 28 through 30. Clark was able, in his pradiction, to determine the
rate of water-jet break-up but did not, however, directly cetermine mass dis-

tributica in the gas stream. In an attempt to noudimensionalize the test data,

the point of maximum penetyration for each nozzle was calculated using the cor-
relation in Ref 8,

(02 4, 0.5
8 = 2d° (-a:) ('6;-) (Eq. 9)

where: = penetration distance

mixing length downstream of the naszle
= dynamic pressure

- ]
L

d° = nozzle diameter

Subscriptst w - water or liquid

s - gus stream

The point of maximum penetration is that point where 3 = X, Figures 3%, 32,

and 33 show the mass-distribution curves for the three nozzles imn terms of

penetration distance for the different water~driving forces. The large-nozzle

curves are of the same general shape varying little from zach other. The

small~diameter nozzle deposited more water near the point of maximua nenetxa-
tion than did the other two.

There was no attempt ro see If the total integrated flow rate
equaled the actual flow rate from each nozzle; hovever, the integrated flow

rates from two different nozzles at the same pressure did vury as the square

of the nozzle diameters, This would be true if the discharge coefficients of
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the nozzle are the same, Also, the integrated areas fov the same nezzle at
two different discharge pressures did vary wirh the square root of the line
pressure, Both these conditions tend to substantiate the validity of the

test result.

A modified form of the Clark break-up parameter corrvelated with

the water jet-break-up data,

c. WATER PENETRATION

Two flat-spray nozzles were tcsted in the wiad tunnel as a parxt
of this tecst program; however, the purpose of the tests was to deterwine the
penetration characteristics of the nozzles. Photographs of the water jet
penetrating inco the gas flow were taken (Figure 34), and the data were
analyzed in the same manner as the tescs reported in Bef 9. The results of
the penetration tests are summarized in Figuce 35, The flat-spray noszles

generated fan-shaped sprays with spray angles of 40 and 80 dajvzes. The

penetration varied with these spray angles; the smaller the suray angla tha
greater the penetration. Compared to the penetration nozzles, the spray
nozzles penetrared only 50 to 60% as far as the solid-jet nwozzles previcusly
tested. Table 4 is a tabulation of the test data for the spray nozzles.

Equations for the flat-spray-nozzle paunetrations are:
Spray Angle 80°

0.27 0.5
X gy, Ve
2 0w 4 (a;) (q;ﬁ {Eq. 10)

Spray Angle 40°

0.27 4. 0.5
/]

z = 124 (- 4 (rq. 11)
[ 4
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Figure 34 - View of Penetration ger & Flat-Spray Nozzle
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Figure 35 - Penetraction of Flat-Spray Nozzles

TABLE 4

FLAT-SPRAY NOZZLE PENETRATION TEST DATA

Nominal Vater Gas

Test Hozzle Jet Stream Adr
Run Dia, Velocity Velocity Pressure
No. in. ft/sec fr/sec in. Hz
110 0.296 79.2 144 28.56

" 79.2 " "

" 117.0 " "

" 146.2 " "
110 0.296 79.2 144 28.56

" 79.2 " "

" 117.0 " "

" 146.2 " "
111 0.295 79,2 144 28,56

" 117.0 " "

" 146.2 " "
111 0.296 79,2 144 28.56

" 117.0 " "

" 146.2 v "
115 0.296 79.2 285 26.26

" 117.0 " "

" 146.2 " "
115 0.296 79.2 285 26.26

" 1%7.0 " o

v 146.2 " "
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Alr
Temp.

F

7
7

22
22
22

Mixing Penetration
Length Distance
in.

An.

7.6

8.74
11.8
13.8

14.5

17.0

13.3
18.2
22.8

4.8
6.8
8.0

3.6

(-7
[

11.2

Yozzle
Spray
Angle

Degrees
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Vi, DISCUSSION OF RESULTS AND RECOMMENDATIONS

A, WATER-DROPLET-SIZE STUDY

Difficulty was experienced in shadographing the eatire water
jet plume, Therefore, drop sizes were measured for sclected vegions in the
plume, usually unear the outer edge (cither top or bottom) of the air-water
jet interaction zone. The density of droplets in the central regions of
the plume generally precluded any shadowgraphs of that region. Figuve 13
comparés the Ingebo test data (Reference 2) with the data of the current
test program. In genecral, thece is considerably meore variability er
apparent scatter for the large-dismeter-nozzle test data (as indicatud hy
the + 50% limit lines) for this daia trend to support the Ingebo test
results. According to the relationship of Ingehbo, the drop size should
vary with the square root of the nozzle diameter. Howevev, the large-
nozzle data indicate less depeadence on nozzle diameter, This is in
agreement with tha results of other fnvestigators, such as Weiss and Worshim
{Reference 4) who found no nozzle geometry dependence other than 2 weak
dependence on the nozzle discharge flow rate. Attewpts to compare the
test results of this program with the predictive equaticn of RKeéfereacs &4,

however, were unsatisfactory.

Results from using the Ingebo equation to predict droplet
sizes indicate larger droplets than those measured from the one in. or large-
diameter nozzles and slightly smaller than the droplets measuved from Lests

using the 0.25~in,.-dia. nozzle.

The maximum drop size results from these tests indicate a
smaller range of drop sizes (by abte:t 307) than those foind by Ingebo.
Because the final droplet sizes are a function of Weber number, all
droplets will subdivide until a stable size 1s reached. The critical Weber
nuusber has becn defined by various authors; however, Masugi defines the

critical Weber number as:

65

2
Ps vo dE
We, = =55 = 7.6 (Eq. 12)

d =  final droplet diamcter, fr

Yo

relative droplat velocity

As long as Wec > 7.6 the droplet is unstable and will further subdivide,
In Ingebo's tests, the gas velocity ranged from 100 to 700 fr/sec, which
bounds the 200 to 400 fr/scc achieved {w this study; however, in this

study, tha sampling point was 7 in. or woxe downstream of the nozzle zéthér”m”.

than the 1.25 in. in Ref 2. Consequently, the residence time in the gas
stream was up to five times or more than that reached in Ref 2. Loager
residence times permit the droplets to further subdivide and thus could
rasult in a smaller maximuﬁ drop size. »

Tha decrease in droplet diamster for the same totzl imuss
flow of water means an increase in dropiet surface area exposed to the
hot gases; consequently, an initial increase in the exteat of evaporatica
for a wet-elbow system can be anticipated.

The droplet test results were incorporataed $n the computer
program that was prepared as a model for the NASS wet-elbow vaporizarion
and cooling problems.

B. MASS DISTRIBUTION
The mass-distribution test results were reduced to the

following expression and incovperated into the water-jst break-up and

penetration model for the NASS wet elbow. Flgure 36 shows this relationship.

66



NG IN JET,

OF WATER REMAINI

L2 —
g

1.0

0.10

QUANTL.

0.01

———— i

n =k
e L L] r—---['a_|;y) AT 1. alq = [c (=) + l] (Eq. 13)
Y L -7h§>a,f_“_ AD
—— o ?51553\\F3 [lLJA where: qlqo = Fraction of water remaining in the water stream
h ) Lk\\\\_ e,n = Empirical constants (see Fig. 36)
3“ = [6.005 Lt =1 ) 2'°L+1}"1') q%\\ a i Sy = Clarks bresk-up parameter modified as follows:
e >1] < 13§ h%% vV L 2
FAY . Py 8__ - 0.5
s = -2 () ™
Py Vo Do o
o H
- d 3 c

wozzLe|pra, 1 0 L = Distance jet pcnetrated into gas stream

0.25

1.125 E% O The information generated in this experimental siudy huproves

1.30 Al the understanding of the way water from different nozzles is deposited in a

AN ceoss [luw uf gas. Desigaing the water injection system to distribute the
[~ » =y - i water uniformly in the gas stream proporiional to the gas flow tends to
! reduce the importance of water droplets mixiog with the gas tu acileve a
A uniforn mixture, and consequently more rapid overall cooling. This makes

the design problems less critical in the wet-elbow configuration.

C.  FLAT-SPRAY NOZZLE PENETRATION

il —H

T b - t{“ An aunlytical expression was developed for predicting the peaetra-
q/qu = 0.ponu3i2 E;{l) i ] \ tion characteristics of flat-spray nozzles. The equation will be used to
\ determine the water distributicn from small spray nozzles curtently considered
1 N for application in the wet elbow.
For N 18 N
1.0 HANY]
o VI 2.3 g,
MODFPIED BREQZUE DARVMETIR, & = - ¢ T ] 5 I.\l.o's
21 = y 0 1
Vi w o

Fignre 36 - Espirical Correlucisn for ¥ater Mass Distribution
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